We present a laser source delivering waveform-controlled 1.5-cycle pulses that can be focused to relativistic intensity at 1 kHz repetition rate. These pulses are generated by nonlinear compression of high-temporal-contrast sub-25 fs pulses from a kHz Ti:Sapphire double-chirped pulse amplifier in a stretched flexible hollow fiber compressor scaled for high peak power. The unique capabilities of this source are demonstrated by observing carrier-envelope phase effects in laser-wakefield acceleration of relativistic electrons for the first time.
I. INTRODUCTION
Based on Ti:sapphire femtosecond chirped pulse amplifier (CPA) technology and hollow-core fiber (HCF) nonlinear post-compression [1] , laser transients approaching a single carrier-wave period with controlled carrierenvelope phase (CEP) have been available for more than a decade with sufficient average (< W) and peak power (≤ 0.1 TW) to drive laser-atom interactions in the strong-field regime with unprecedented temporal precision, thereby paving the way for attosecond science [2] [3] [4] .
Recent developments have led to significant increase in the generated power of sub-2-cycle laser pulse sources. On the one hand, Ytterbium-based fiber CPA technology combined with HCF post-compression has enabled the scaling of the average power to ¿200 W [5] and the increase in achievable compression factors (33-fold) [6] . For such systems, however, CEP-locking has yet to be implemented. On the other hand, broadband optical parametric chirped pulse amplifiers (OPCPA) have succeeded in scaling up the peak power of few-cycle pulses to the multi-TW range at the cost of CEP-locking due to a low (10-Hz) repetition rate [7] [8] [9] . While progress in high repetition rate pump-laser technology and passively CEP-stable seed generation [10] for OPCPA now allows for higher average power and good CEP stability [11] , this has yet to be united with sub-2-cycle duration.
A major motivation for increasing the peak power of few-cycle lasers is the study of relativistic laser-plasma interactions, where the field-driven electron quiver energy exceeds its rest mass energy (≈ 0.5 MeV). Because of their inherently high temporal contrast, OPCPAbased sources have recently enabled such experiments at 10-Hz repetition rate, demonstrating relativistic surface high-harmonic generation with sub-2-cycle [8] and sub-3-cycle [9, 12, 13] pulses, as well as laser-wakefield acceleration (LWFA) with 3-cycle pulses [14] .
When it comes to further reducing the driving pulse duration towards the single-cycle limit at kHz repetition rate, Ti:sapphire CPA systems paired with HCF postcompression remain serious competitors [15] and relativistic LWFA has recently been demonstrated with such a driver [16] . TW peak powers have been demonstrated for 5-fs pulses [17] from such a setup. The first system uniting multi-mJ pulse energy, sub-2-cycle duration and CEP-locking [18] was the precursor to the system described here.
Our advanced setup is the result of a large engineering effort resulting in significant performance improvements: the pulses set a new duration record (1.5 cycle) for TW peak power pulses and the pulse stability (CEP, energy, spatial, spectral) fulfills the requirements for relativistic-intensity laser-matter experiments. Together with the kHz repetition rate, high temporal contrast ratio and achievable ultra-high intensity on target, this system is now uniquely suited for driving relativisticintensity light-matter interactions with sub-cycle time control over the driving light waveform. Here, we report on the first experimental observation of CEP effects in relativistic LWFA driven in the near-single-cycle regime.
II. POWER-SCALED HOLLOW FIBER COMPRESSOR
The fully vacuum-integrated post-compressor setup is shown in detail in Fig. 1 . The seed laser consists of a kHz Ti:sapphire double CPA chain delivering 24-fs pulses with 10 mJ energy (shot-to-shot stability of ¡ 0.3 %rms over hours) at a 1-kHz repetition rate with a temporal contrast of > 10 10 at ≈ −10 ps before the pulse peak [19] . Pulses from the CPA are partially compressed down to ≈ 200 fs in air so as to prevent nonlinear beam degradation in the entrance window of the vacuum beamline, which would significantly reduce the coupling efficiency into the HCF [18] . Final compression down to The post-compression stage is based on self-phasemodulation (SPM) in a gas-filled HCF, a now widely used technique [1] that has the advantage of producing well-compressible broadband pulses with excellent beam profile and spatially homogeneous spectrum [20] . We implemented a combination of three strategies to scale this technique to the ≈ 0.4 TW peak power of our CPA chain.
First, we exploit stretched flexible hollow-core fiber technology enabling arbitrary waveguide length without degradation of the waveguiding properties [21, 22] . The HCF dimensions were scaled to 2.5 m length and 536 µm inner diameter. A conical glass taper is coaxially installed at the HCF entrance to create a very robust protection against damage due to slight misalignments or pedestals in the spatial beam profile. The beam is focused into the fiber using a reflective mirror telescope with an effective focal length of ≈ 4.2 m and optimal coupling into the fiber is maintained with active beam pointing stabilization to ensure long-term stability. Second, high-purity helium gas is differentially pumped through the HCF, thus forming a stable pressure gradient [23] across the waveguide. The pressure gradually increases from < 1 mbar at the fiber entrance to the static filling pressure of the output chamber up to 2 bar. This prevents undesirable nonlinear phenomena around the fiber entrance and enhances the coupling efficiency and stability. Furthermore, the increasing pressure counteracts the decreasing nonlinearity due to propagation losses inside the fiber. Third, both multi-photon ionization and selffocusing are further mitigated by using circular polarization [24, 25] , which also reduces losses and instabilities due to cycling of energy between fiber modes [26] . Two broadband quarter-wave plates are therefore placed before and after the HCF to switch the laser polarization between linear and circular.
In the output chamber, two insertable mirrors can send the beam to diagnostics for position, spatial profile, spectrum and pulse energy. Two active mirrors then allow for alignment onto the near-and far-field references thus obtained. A 3-mm thick fused-silica window separates the helium-filled output chamber from the vacuum-beamline downstream. The beam first propagates through a pair of motorized fused silica wedges. The positive group delay dispersion (GDD) induced by SPM in the fiber as well as the propagation through the quarter-wave plate and the window is slightly over-compensated for with the six pairs of highly dispersive (−40 fs 2 each) double-angle chirped mirrors and the wedge position is tuned for fine adjustment of the GDD leading to optimum pulse compression. A dispersion-scan device [27] (Sphere Ultrafast Photonics) placed under vacuum serves as a precise temporal measurement immediately before the experimental chamber with controllable dispersion provided by precise insertion of one of the wedges. With 1.3 bar helium pressure in the output chamber, the minimum achievable FWHM pulse duration with our system is 3.6 ± 0.1 fs (see Fig. 2c ). This duration is close to the Fourier limit of 2.9 fs (with 60 % higher peak power) supported by the broadened spectrum. This is a remarkable result indicating accurate compensation of not only the GDD but also the third-order dispersion (TOD), to which compression in the sub-two optical cycle regime is extremely sensitive [15, 28, 29] . As a consequence, venting the d-scan chamber with air is sufficient to spoil the compression shown in Fig. 2 and the optimal wedge position leaves a significant negative TOD on the compressed pulses, similar to the result reported in Ref. [30] . This is due to the different GDD/TOD ratio of air compared to that of the fused silica wedges.
The remaining room for improvement on the result in Fig. 2 is left by two imperfections in the compression. The first and minor one is a very small remaining thirdorder-dispersion of ≈ 5fs 3 , without which the pulse would be 3.3 fs long with 10% higher peak power. The second and dominating one is the phase distortion introduced by the chirped mirrors on the blue end of the spectrum. The phase oscillations between 700 and 550 nm reduce the energy contained in the main peak and smoothing them (possible by using complementary-pair CMs instead of double-angle CMs) would increase the peak power by 15% without changing the pulse duration. In order to further approach the Fourier limit, the uncontrolled phase below 520 nm would need to be smoothed and flattened, which would require a more advanced and to our knowledge not yet available CM design. This would decrease the pulse duration to 3 fs and increase the peak power by 25%.
Energy measurements performed for 1.3 bar of helium with a single-shot energy detector (noise level ≈ 10 µJ) yield an excellent pulse-to-pulse stability of ≈ 0.4 % rms and typical pulse energies of 4.5−5 mJ right after the fiber, 3.5 mJ after the chirped-mirror compressor at the entrance of the d-scan device and 2.5 mJ on target in the LWFA chamber. Losses along the beamline are due to the wave plate, the wedges (≈ 5 %), the CMs (≈ 5 % from all 12 CMs) and the transport mirrors (≈ 1.5 % per mirror).
CEP stabilization of the system is based on a homemade f-to-2f interferometer. As shown in Fig. 1 , the f-to2f signal is generated using the reflection from the front face of a thin wedge pair placed in the beam path of an auxiliary beam passes created with a holed mirror and used for plasma imaging [16] . The derived error signal then modulates the phase offset of the oscillator locking electronics to correct for slow CEP drifts accumulated through the laser chain. As shown in Fig. 2e , the residual CEP noise of the system over 5 minutes is ≈ 150 mrad rms.
III. PULSE DURATION TUNEABILITY
Compression data for different gas pressures ( Figure  3) show that our HCF post-compression stage is adequately energy-scaled, i.e. self-focusing and ionizationinduced effects are avoided: the fiber transmission is the same for a Fourier-limited input pulse as for a positively chirped (+275 fs 2 ) input pulse; the fiber transmission remains the same over the complete helium-pressure range used. Only at the highest pressure of 1.4 bar, which is above our usual working range, does the transmission start to drop. Finally, as shown in Fig. 3b , the measured spectral broadening follows the helium pressure p as expected for purely SPM-induced broadening. We compare the experimental spectral widths (defined as twice the rms-bandwidth σ ω = ω 2 − ω 2 ) to values obtained from a numerical solution of the one-dimensional generalized nonlinear Schrdinger equation [31, 32] for a Kerr nonlinearity. These simulations start from an experimentally measured input pulse, obtained from a Wizzler measurement (Fastlite [33] ) located after the diagnostics port of the output chamber (cf. Fig. 1 ) for an evacuated HCF, and describe dispersion, SPM and self-steepening, the latter of which significantly modulates SPM-induced spectral broadening for input pulses as short as ours. The pressure gradient along the HCF of length L = 2.5 m was modeled as
, where p L is the pressure at the HCF exit located at z = L. Neither ionization-induced effects nor spatial effects had to be included in these 1D-simulations in order to obtain satisfactory agreement with the experimental spectra. Note that the functional shape of the pressure dependence remains very close to that derived for pure SPM and Fouriertransform-limited Gaussian input pulses [34] .
An interesting consequence of this well-scaled postcompression stage is that the pulse duration can be easily tuned from 25 fs down to 3.5 fs by simply varying the gas pressure and adjusting dispersion, while keeping a constant output pulse energy (see Figs. 3c and 2 ) and similar spatial beam profile imposed by the waveguide. As a demonstration of the excellent spatiotemporal quality of our system, we now focus on their application to LWFA in the relativistic-intensity regime. The experimental setup for LWFA is shown in Fig. 4 . Laser wakefield acceleration of electrons driven by near-single cycle pulses was demonstrated with a similar setup but without CEP stability [16, 35] . The beam is focused into a continuously flowing microscale supersonic nitrogen gas jet using a 90°off-axis f/2 parabola. We obtain a near-Gaussian 2.5 × 2.8 m (FWHM) focal spot (see Fig. 4 ), corresponding to an on-target intensity of ≈ 5 × 10 18 W · cm −2 with 2.4 mJ on target (the relativistic limit for which the normalized vector potential reaches a 0 = 1 is ≈ 2.6 × 10 18 W · cm −2 at 719 nm central wavelength). More details on the electron detection system can be found in ref. [35] In these experiments, the laser pulse envelope drives the wakefield via the ponderomotive force. Electrons are injected into the wakefield in a process known as ionization injection [36, 37] . In ionization injection, electrons are born at the peak of the laser electric field and subsequently injected and accelerated into the wakefield accelerating structure. This injection process heavily depends on the CEP because the laser phase determines the initial conditions of electrons in the longitudinal phase space, which eventually impacts their final momenta [38] . More precisely, the CEP controls (i) the amplitude of the most intense laser half-cycle and therefore the number of injected electrons and (ii) the exact initial conditions of the trapped electrons, which impact the final electron energies and angles. Observing such CEP effects in the experiment is rather challenging because the CEP varies rapidly during laser propagation since the laser phase velocity (v ϕ ) and group velocity (v g ) are different in the plasma. Typically, the CEP spans 2π over the phase splippage length L 2π = λc/(v ϕ − v g ) ≈ λn c /n e , where n e and n c are the electron plasma density and critical density. For our experimental parameters, n e /n c ≈ 0.1 and L 2π ≈ 8 m. Therefore, the effect of CEP on electron injection is significant only if the injection length is smaller than L 2π , which therefore requires a very localized injection and places stringent demands on the stability of all other pulse parameters in space, time and energy, met by our system for the first time.
Despite these difficulties, a clear CEP signature could be observed on the electron energy distribution. Figure 5a) shows a cascade plot of successive electron spectra recorded as the CEP was cycled from 0 to π/2. Note that the absolute value of the CEP is not measured, only the relative changes are known. For a relative CEP of 0, the spectrum exhibits a peak close to 0.5 MeV and the distribution tail displays another smaller feature at 0.65 MeV. These features disappear when the CEP is shifted by π/2. While the effect of CEP is initially clear (data 1 to 125), it should be noted that the difference tends to wash out towards the end of the scan, indicating that other parameters might be changing as well, such as the gas density. However, the effect of CEP is clearly demonstrated by looking at the averaged spectra and comparing the results for 0 and π/2 relative CEP values, see Fig. 5b ). The CEP effect clearly outweighs that of the spectral fluctuations as it is significantly larger than the standard deviation of the spectra. These results constitute the first observation of CEP effects in underdense relativistic laser-plasma interactions and shall be investigated further.
To conclude, our laser system delivers pulses combining high peak powers up to 1 TW, near-single-cycle pulse duration (3.6 fs or 1.5 cycle at 719 nm central wavelength), excellent beam quality and high temporal contrast inherited directly from the double CPA seeding the HCF post-compressor stage. Furthermore, the output pulses exhibit the required spectral, energy and CEP stability for the investigation of relativistic-intensity laser-matter interactions on sub-light-cycle time scale. We observe for the first time carrier-envelope phase effects in laser wakefield acceleration demonstrating the unique capabilities of our light source. 
